The current study identified bacterial factors that may improve management of methicillin-resistant Staphylococcus aureus (MRSA) nosocomial pneumonia. Isolates were obtained from 386 patients enrolled in a randomized, controlled study of antibiotic efficacy. Isolates were screened for production of virulence factors and for vancomycin susceptibility. After adjustment for host factors such as severity of illness and treatment modality, cytotoxic activity was strongly and inversely associated with mortality; however, it had no effect on clinical cure. Isolates having low cytotoxicity, which were derived largely from healthcare-associated clones, exhibited a greater prevalence of vancomycin heteroresistance, and they were recovered more often from patients who were older and frailer. Additionally, a clone with low cytotoxic activity was associated with death and poor clinical improvement. Clone specificity and attenuated virulence appear to be associated with outcome. To our knowledge, these are the first correlations between MRSA virulence and mortality in nosocomial pneumonia.
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Therapy of nosocomial pneumonia (NP) caused by methicillin-resistant Staphylococcus aureus (MRSA) is often ineffective. Mortality rates are around 20%-40%, even when treatment conditions are optimized under experimental protocols [1] [2] [3] . A rational approach for improving outcomes has sought to understand microbial factors that distinguish favorable from adverse outcomes. Recently, the role of genetically distinct strains of MRSA of community origin on the outcome of MRSA infection has attracted attention [4] [5] [6] [7] . Community-acquired MRSA (CA-MRSA) strains have emerged as a cause of infections inside healthcare settings [8, 9] , and they have been linked with differences in virulence profile and clinically significant events, such as NP [9] [10] [11] [12] . Explanations for conflicting outcome differences from these studies have been limited by difficulty in establishing the intrinsic virulence of a given bacterial strain. Moreover, the status of the host is critical to the outcome of MRSA infection, and particularly NP, independent of the presence or absence of virulence attributes [13] [14] [15] . Thus, the virulence or nonvirulence of a strain cannot be inferred from the outcomes of the patients from which the strain was isolated without specifying factors such as host risk and infection type. The issue is particularly relevant for subsets of NP, such as ventilator-associated pneumonia, that may have no attributable mortality [13, 16, 17] .
In the present work, we sought to disentangle characteristics of the bacteria and host that predispose individuals to severe outcomes. The 381 MRSA strains studied composed all available pulmonary isolates obtained at the time of diagnosis during a large prospective clinical trial comparing the efficacy of linezolid and vancomycin in the treatment of NP due to MRSA [18] . Pooled analysis of individual patient-level data were used to discern the impact of treatment strategies on clinical cure and mortality. The analyses took into account host-related factors and organism-related factors, namely virulence and antimicrobial resistance. Analysis included adjustment for the potentially confounding effects of clonality. We measured virulence under normalized conditions, using a combination of relative leukocytotoxic activity (in which individual leukotoxic activities are inseparable) and screening for functionality of the global virulence regulator agr.
METHODS

MRSA Isolates
MRSA strains were obtained during a previously described randomized, double-blinded, international, multicenter clinical trial [18] . Between October 2004 and January 2010, hospitalized patients aged ≥18 years with radiographic and clinical evidence of pneumonia were randomized to treatment with intravenous linezolid or weight-based vancomycin. The study protocol allowed for vancomycin dosage adjustments and pharmacokinetic monitoring according to the local standard of care. Extensive inclusion and exclusion criteria, as well as antimicrobial interventions and assessments, have been described previously [18] . Although invasive, quantitative methods were not required for diagnosis, reflecting common practice in the United States, most diagnoses were made by invasive methods or blood culture. Clinical outcome was assessed within 5 days after the end of treatment, defined as within 72 hours of the last dose of antimicrobial, and at the end of the study, defined as 7-30 days after the last dose.
Overall mortality was assessed at 60 days after therapy. Cultures were obtained at baseline, the end of treatment, and the end of the study. Of the 1225 patients randomized in this study, 448 were included in a modified intention-to-treat analysis of patients who received study drug and received a diagnosis of MRSA NP. Three hundredeighty-oneavailablebaselineisolates,from160patientswith hospital-or healthcare-associated MRSA pneumonia and 221with ventilator-associated pneumonia, were used in the analysis. Primary airway cultures, obtained by several methods, were used in all 381 cases. Five additional patients whose isolates were from blood were not initially available for determination of cytotoxic activity were included in the analysis of outcomes (n = 386) [19] . (Consistent with previous reports [20] , genotypic and phenotypic characteristics of pairs of blood and respiratory isolates among the 29 other patients with bacteremic pneumonia for which both isolates were available were always identical [data not shown].) All laboratory work was performed blinded with respect to patient data.
agr Functionality
Hemolytic patterns produced by Staphylococcus on sheep's blood agar by cross-streaking against RN4220, which produces only β-hemolysin, were used to semiquantitatively assay agr functionality [21, 22] . Previous work indicates that completely nonhemolytic strains of S. aureus and Staphylococcus epidermidis harbor inactivating mutations in agr genes in virtually all cases [20, [23] [24] [25] .
Cytotoxic Activity
Bacteriologically sterile culture filtrate preparations, obtained from early logarithmic-phase (6 hours) growth, were used for differentiating cytotoxic activity, as described elsewhere [26] . Briefly, strains were grown in 96-well, round-bottomed plates containing 150 µL of tryptic soy broth for 16 hours with shaking at 2469g at 37°C. Cultures were diluted 1:75 with fresh Roswell Park Memorial Institute plus casamino acids, and 150 µL of the diluted culture was regrown in 96-well, round-bottomed plates for 6 hours at 2469g at 37°C. Plates were centrifuged to pellet the bacteria, and culture supernatants were collected and stored at −80°C until used. To measure the cytotoxic activity within culture supernatants, we used cells from the human myeloid cell line HL-60 that were differentiated into neutrophil-like cells (PMN-HL60). PMN-HL60 cells have been extensively used to evaluate the cytotoxic activity of S. aureus culture supernatants and have been shown to mimic the sensitivity of primary human neutrophils [26] [27] [28] . To measure cell viability, we monitored metabolic activity using CellTiter (Promega), as described by the manufacturer. Twenty microliters of S. aureus supernatant was incubated with approximately 1.0 × 10 5 PMN-HL60 cells in a final volume of 100 µL (20% v/v supernatants) for 2 hours at 37°C, followed by 2-hour incubation with the CellTiter reagent. Each sample was assayed in triplicate, and the experiments were repeated at least twice. Variability in the assay was observed, partially as a result of differences in growth rates among the strains, with errors skewed positively at low values and negatively at high (Supplementary Table 1 and data not shown). However, consistently high (or low) cytotoxicity as defined was a stable trait of a given clinical MRSA isolate. Although there are no biologically driven informative break points for cytotoxic activity, use of ≥90% killing of the cells within 2 hours as a marker of highly cytotoxic strains resulted in a convenient and clear-cut parameter that was analyzed dichotomously. Because a dichotomous tool ignores some of the information contained in a scoring system, we also modeled the exposure variables as a stratified score with quartiles, to allow for nonlinear associations and for ease of interpretability (compared with single-unit comparisons). The highest quartile of cytotoxicity (92% killing) closely approximated the cutoff for highly cytotoxic strains and provided a basis for why this value was chosen. analysis of the protein A gene variable repeat region (spa typing), pulsed-field gel electrophoresis, and a variety of additional DNA polymorphisms including staphylococcal cassette chromosome mec (SCCmec), agr specificity group, and the presence or absence of the pvl gene [19] . Clonal complexes (CCs) were assigned on the basis of spa typing results, using the multilocus sequence typing mapping database (http://spa.ridom.de/mlst) or peer-reviewed reports, as described elsewhere [19] . Previously published polymerase chain reaction primers and conditions were used to screen all study isolates for the presence of sasX [29] .
Susceptibility Testing
Isolates were previously tested for susceptibility by broth microdilution and Etest and for heterogenous vancomycin resistance by Etest methods [19] .
Statistical Analysis
Comparisons of proportions were performed by the Fisher exact test or χ 2 analysis, and comparisons of continuous variables were performed by analysis of variance or the t test. Outcomes were modeled using logistic regression with backward elimination and a 1000 bootstrap sample strategy for confirmation. All variables from the parent study were considered for the modeling building process [18] ( Table 1) . Before model building, covariate reduction techniques were used to adjust for near-zero variance, missingness, and covariate correlations, associations, and clusters. Criteria for entry into and retention within the model were P values of .05 and .10, respectively. No significant interactions were found.
RESULTS
Cytotoxic Virulence
Staphylococcal virulence is multifactorial, making it difficult to assess the contribution of specific virulence factors to outcomes in S. aureus infection. A promising approach to address virulence is to assess the role of global regulatory systems that affect a large part of the virulon, such as the quorum-sensing virulence regulator agr [30] . A significant fraction of clinical isolates have genotypic agr defects [20, 23, 24] , which raises the possibility of determining the role of this system, and therefore virulence, in disease. However, agr functionality alone does not imply efficient expression of virulence. To more fully capture differences in virulence among isolates, we sought an additional, direct measure of virulence factor production. The leukocytotoxins, agr-regulated pore-forming toxins (bicomponent leukocidins and alpha-hemolysin) [31, 32] , and membranedamaging cytolytic peptides [33] that are found in virtually all staphylococcal isolates are attractive candidates for a wideranging virulence factor whose presence can effectively distinguish low-and high-virulence strains.
Comparison of the cytotoxic activity of 381 individual isolates revealed that a majority (n = 273) were not highly cytotoxic (Table 1 and Supplementary Table 1 ). When cytotoxic activities were linked to the genetic background of the strain, we found that for about 90% of the isolates the 3 major MRSA CCs (CC5, CC8, and CC8/239) displayed a characteristic level (Figure 1A) . CC8 strains were consistently the most cytotoxic. In contrast, CC5 variants had no specific pattern of cytotoxicity, and CC8/239 strains were on average weakly cytotoxic. Not surprisingly, the relative level of agr expression by distinct MRSA strains correlated with cytotoxic properties (P < .0001; Table 1 and Figure 1B) . However, cytotoxic profiles varied remarkably within each CC and even within the same agr functional group.
Antimicrobial Susceptibility and Cytotoxicity
Reduced susceptibility to vancomycin has been linked to clinical failure of vancomycin treatment [34] and agr dysfunction [35, 36] . It may also influence S. aureus pathogenicity independent of agr function [37, 38] . Overall, the vancomycin minimum inhibitory concentrations (MICs) for study isolates were comparable to those of recent series (Table 1 and Supplementary   Table 1 ). Six of 60 vancomycin-heteroresistant S. aureus (hVISA) isolates had a standard Etest MIC of ≤1.0, 27 had an MIC of 1.5, and 27 had had an MIC of ≥ 2 µg/mL. Thus, we observed poor concordance between vancomycin heteroresistance and high MICs. However, an elevated vancomycin MIC (≥1.5 µg/mL) was associated with low cytotoxic activity (36% vs 20%; P = .0032; Table 1 ) and CC (P = .0022; not shown) but not with agr functionality (31% vs 31%; P = 1.0; data not shown). The MICs of linezolid were below the resistance break point (≤4 μg/mL) for all isolates. More than 90% of the linezolid MICs were identical within 1 dilution (2.0-4.0); thus, the usefulness of linezolid susceptibility as a marker for outcome was limited.
CA-MRSA Genes
MRSA strains prevalent in the community differ from healthcare-associated strains in that they carry a different SCCmec (SCCmecIV), are resistant to fewer antibiotic classes (frequently only β-lactams and erythromycin), and often have genes encoding toxins such as Panton-Valentine leukocidin [39] . Many different strains of CA-MRSA now have a worldwide distribution. In contrast, MRSA strains carrying SCCmec types I, II, and III and their derivatives are usually restricted to hospital-acquired MRSA (HA-MRSA) clones that are not found widely within the healthy population. Strains belonging to SCCmecIV demonstrated high cytotoxic activity (82% vs 11%; P < .0001; Table 1 ) and high susceptibility to vancomycin (79% vs 63%; P = .0029; data not shown). In contrast, many HA-MRSA strains produced very weak cytotoxic activity, below levels expected to correlate with mortality in animals. Indeed, a number of strains (22/ 381 [6%] HA-MRSA) produced no detectable cytotoxic activity. Nevertheless, HA-MRSA strains were still the predominant isolate from patients with NP.
Modeling of Mortality
To define potential predictors of mortality, we performed univariate and multivariate logistic regression analyses. Five additional patients whose isolates were from blood specimens and were not available for determination of cytotoxic activity were included in the analysis of outcomes because the MRSA genotypes were previously determined (n = 386) [19] . All variables examined, including baseline patient data from the original studies, are listed in Table 1 and Supplementary Table 1 . Results of the multivariate analysis and a comparison with the univariate results are provided in Table 2 .
In the univariate analysis, low Acute Physiology and Chronic Health Evaluation (APACHE) II score and 11 patient comorbidities were statistically significantly associated with mortality (P < .05). Among baseline bacterial characteristics, strains having low cytotoxic activity and a non-SCCmecIV phenotype were uniquely and paradoxically associated with lethality. Only 14 of the 108 patients (13%) infected with highly cytotoxic strains died, whereas 85 of 273 (31%) infected with low cytotoxic strains died (P = .0002). Correlation of mortality with low cytotoxic activity was observed across geography, genotypes, and type of pneumonia (ventilator-associated pneumonia or hospital-associated pneumonia; Table 3 ). Additionally, CC8/239, a clone with low cytotoxic activity, was associated with mortality (odds ratio [OR], 2.6; P = .0053). The initial multivariate logistic regression analysis identified low cytotoxic activity and clonality as the only significant (and negative) bacterial predictors within the candidate predictor pool, which included all univariate predictor variables. Attenuated cytotoxic activity was more frequently observed in isolates from patients with comorbidities, such as cardiac and renal/urinary disease (Table 1) . However, modeling data indicated that the importance of cytolysin for NP did not vary much by genotype, host comorbidity, or age. As noted above, there was a very clear correlation between low cytotoxicity and the presence of nonSCCmecIV type, which suggests that the relationship between cytotoxicity and mortality is based in part on a strain's association with the healthcare environment. However, when SCCmec and cytotoxic activity were entered into a multivariate logistic regression model, low cytotoxic activity appeared as a strong predictor of mortality, whereas SCCmec appeared as a weak predictor. These findings are consistent with several reports indicating that the presence of CA-MRSA and pvl per se do not confer a worse clinical course in all forms of infection caused by S. aureus [10-12, 40, 41] . Finally, analysis of treatment showed that the deleterious effect of low cytotoxic activity (reduced probability of survival) was seen in both patients treated with vancomycin and patients treated with linezolid (relative risk, 1.08 [95% confidence interval {CI}, .76-1.54]; Supplementary Table 2) .
Overall mortality did not differ significantly among patients infected with CC8 strains and those infected with other strains. However, when mortality was adjusted for an overall high level of cytotoxic activity by using logistic regression, CC8 isolates were associated with increased mortality. Thus, differences in cytotoxic activity and genotype may both affect mortality, with one countering the other. The effect of genotype on mortality was also apparent for patients infected with CC8/239 isolates. A recent study suggested that the acquisition of a virulence factor, sasX, by ST239 (a major sequence type of CC239) resulted in enhanced virulence and an epidemiological outbreak in eastern China [29] . However, mortality distinctions between the sasX CC239-positive subgroup (n = 19) and the sasX CC239-negative subgroup (n = 19) were not observed in our population (OR, 1.71 [95% CI, .65-4.48]; P = .2728).
Previous studies have reported an association between reduced virulence, reduced vancomycin susceptibility, and outcomes [34] ; the present work supports such an interaction between these 3 important variables. However, high vancomycin MIC and vancomycin heteroresistance were not risk factors for mortality or poor clinical outcome, even in patients treated with vancomycin.
Modeling of Clinical Cure
Mortality modeling suggests that invasive virulence is not key to outcome in nosocomial NP, unless there are alternate pathways that selectively activate cytolysin genes in vivo. However, it is possible that cytotoxic activity correlates directly with clinical outcome from pneumonia and that the onset of its action is too rapid to be measured by mortality at the end of study. We therefore studied clinical outcomes at end of treatment and the end of the study (Supplementary Table 3 ). In contrast to mortality, cytotoxic activity was not associated with clinical cure at any time point. Consistent with this observation, cytotoxicity Table 3) .
DISCUSSION
The results show that crude mortality rates for adequately treated patients with MRSA NP due to strains of low cytotoxic activity was 4-fold higher than that for patients infected with strains of high virulence, even after multivariate logistic regression analysis with careful adjustment for bacterial and host factors. The high prevalence of strains with low cytotoxic activity and their association with HA-MRSA and mortality suggests that these strains are, paradoxically, more virulent than other strains, at least under some circumstances. Elevated mortality may be due to the presence of unmeasured cytolysins or other factors. An alternative but nonmutually exclusive hypothesis is that cytolysins act as positive virulence factors but also enhance or trigger activation of the immune system [42] [43] [44] .
Although it is not possible to state definitively that enhanced virulence does not play a role in mortality associated with strains having repressed cytotoxic activity, 3 observations suggest that such strains are actually less virulent. First, in contrast to mortality, low cytotoxic activity did not modify the effect of MRSA NP on clinical outcome. The treatment effect for an end point such as clinical failure should be larger than that seen with a mortality end point. Second, MRSA strains of hospital origin were significantly less cytotoxic than strains of community origin, and such strains are generally less virulent than those of community clades in most animal models of infection [45] [46] [47] . Finally, substantial differences in clinical characteristics (eg, age and comorbidities) were observed between the group with low cytolysin levels and the group with high cytolysin levels. These data suggest that infections due to the former occur in sicker patients. Collectively, these observations suggest that the discrepancies in clinical outcome and survival of low virulence strains stem from confounding factors related to differences in populations of patients infected with highly cytotoxic and weakly cytotoxic MRSA. In this scenario, cytotoxic activity is a proxy for a subtle factor that makes hospitalized patients more susceptible to infection with bacteria of low virulence. We call that factor "host quality."
In contrast to results for cytotoxic activity, both mortality and poor clinical cure were concentrated within CC8/239, a weakly cytotoxic lineage. One potential explanation for the observed link between outcome and phylogeny is the importance of compatibility between genomes and virulence genes for the emergence of a virulent clone. For example, in the case of CC 8/239, compensatory mutations that help maintain virulence not measured by cytotoxic activity may have appeared in this lineage, which initially may not have been particularly adaptive for its repertoire of virulence genes. Indeed, CC 8/239 is a hybrid clone [48] resulting from the integration of a genomic fragment from CC30, which is associated with invasive infection and poor outcome [49] , into a CC8 parent strain. Thus, integration of CC30 genes may have been an evolutionary route to a hypervirulence that kills patients at high frequency.
The present work has several limitations. First, correlations between bacterial factors and outcome may reflect factors we did not account for, such as duration of stay or mechanical ventilation before diagnosis of NP. Second, our data are limited to NP; whether cytotoxic patterns predict outcome in different syndromes will need to be tested. Third, the diagnosis of pneumonia was based on clinical criteria despite the fact that lower respiratory tract specimens were collected for culture from all patients before antibiotic therapy. Using clinical criteria for the diagnosis of NP may lead to overdiagnosis, potentially increasing the rate of overall disease detected and the proportion of low virulence strains that may be linked to mortality. Finally, the diagnosis was based on analysis of respiratory samples, including sputum and tracheal aspirates; the use of samples other than bronchoalveolar lavage to characterize the etiology of pneumonia may also have resulted in inclusion of patients colonized but not infected with MRSA.
In conclusion, we identified low cytotoxic activity as a predictor of mortality in MRSA NP, but deeper investigation revealed it to be a marker of the host. Although it may not be possible to identify what information is embedded in cytotoxic activity and exactly why it is associated with mortality, the results provide a framework with which to further explore the relationship between strain variation in MRSA and clinical outcomes. The issue is that patients who are infected with low virulence MRSA are inherently different from those infected with virulent MRSA and, in turn, that both the natural history of disease and treatment effects between some drugs may be different in these patients. Thus, if additional studies substantiate these results, future outcome studies should be designed so that this factor is assessed and evenly balanced between study groups.
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